Presently it is understood that 18-crown-6 ether is necessary as an organic template to synthesise pure and well crystalline EMT-type zeolites. This is problematic for optimisation of organic-free synthesis of zeolites. We report a new method to synthesise pure zeolite EMC-2 using a lower amount of 18-crown-6 ether than previously reported. At these low 18-crown-6 ether concentrations, FAU-type zeolites were not seen to co-crystallise. We observe that the crystallinity of the EMT-type zeolite is proportional to the amount of 18-crown-6 ether added in the synthesis. The as-synthesised zeolites were characterised using X-ray powder diffraction, scanning electron microscopy and solid state nuclear magnetic resonance. These findings are a crucial step towards understanding template roles and designing syntheses for zeolites without the use of toxic organic templates.
Introduction
Zeolite EMC-2 has an EMT topology and is a hexagonal analogue of the cubic FAU framework. [1, 2, 3] Intergrowths of the two topologies have been observed widely in zeolite materials such as ECR-30, ZSM-20 and ZSM-3. [4, 5, 6 , 7] It was not until 1990 that Delprato et al. [8] reported the successful synthesis 5 of the pure EMT-type polymorph. This was achieved by using 18-crown-6 ether as an organic structure directing agent (OSDA).
Both the EMT and FAU framework consist of β-cages and D6R units, however the β-cages are orientated differently across the D6R units. In the EMT framework the cages are related by a mirror plane whereas in the FAU frame-10 work it is an inversion centre, as shown in figure 1. [1, 2] The two topologies are often described as hexagonal and cubic arrangements of faujasite sheets respectively. The FAU framework only contains one spherical supercage (t-fau cage) which has an internal diameter of 13Å. Two different sized elliptical supercages are present in the EMT framework. The larger hypercage has an internal diam-15 eter of 13Å by 14Å and the smaller hypocage has a maximum diameter of 12 A. [1] All three supercages are shown in figure 2.
The common appearance of intergrowths of the two polymorphs is believed to be due to stacking faults between these faujasite sheet layers. Treacy et al. [6] studied the distribution of stacking faults in different intergrowth FAU- EMT zeolite materials. It was concluded that the faults in these materials are not random, but rather segregated into discrete topological blocks. Ohsuna et al. [2, 12] have also observed the appearance of discrete blocks of either FAU or EMT-type topology in intergrowth materials.
Due to this difference in porosity, EMT-type zeolites show enhanced cat- 25 alytic potential compared to FAU-type zeolites. [7, 13] However, the possibility of using zeolite EMC-2 as a catalyst is hindered by the necessity of OSDA in the synthesis process. The 18-crown-6 ether template is toxic and requires removal via calcination. Therefore, from a synthetic standpoint it is appealing to optimise the synthesis process to require less or no organic template. [13, 14, 15] 30 This is of interest not just for zeolite EMC-2, but all zeolites synthesised using OSDA. [16, 17, 18] Previously, pure well-crystalline zeolite EMC-2 has been synthesised using conventional hydrothermal methods with a 18C6/Al 2 O 3 ratio as low as 0.3. [1] This ratio has been reduced to 0.14 by using the SINTEF method where the 35 hydrothermal vessel is rotated. [19] In 2012 Ng et al. [15, 14] reported the successful synthesis of ultrasmall EMT-type nanocrystals without OSDA or organic additives. This was achieved by kinetically controlling the nucleation at ambient conditions. However the product was predominantly amorphous and the nanocrystals 6-5 nm in diameter.
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We report a successful new synthesis of pure zeolite EMC-2 with a 18C6/Al 2 O 3 ratio as low as 0.059 using conventional hydrothermal methods. 
Synthesis Mechanism
Concerning the synthetic formation of the EMT framework it is agreed that the [(18-crown-6)Na + ] macrocation complex is an integral feature. The 18-45 crown-6 ether molecule size, shape and ability to complex to sodium cations, are argued to be essential properties. [8, 5] N a+
Following the extended-structure approach by Feijen et al.[20] the sodium 50 cations behave as primary cations to direct the formation of the faujasite sheets.
The [(18-crown-6)Na + ] macrocation then behaves as the secondary cation and facilitates the assembly of the faujasite sheets. It does this by occupying pockets in the sheet called hypo-and hyperholes which form the hypo-and hypercages respectively, [21, 5] as shown in figure 3 . There is an electrostatic attraction 55 between the macrocation and anionic alumina in the pockets. The formation of the EMT framework is dependent on the ratio between the primary and secondary cations (equation 1). Previously we have seen the efficacy of sodium cations to assemble the FAU framework and how cation ratios are integral to understanding the synthesis mechanism of zeolites. [22] 60
The assembly of the EMT framework is also reportedly dependant on the Si/Al ratio of the growing structure. [21] If the hypo-and hyperholes in the faujasite sheet contain more than one alumina species, it will exceed monovalence and upon interaction with a macrocation there will be a net negative charge.
Therefore additional sodium cations will be associated with the pockets for sta-
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bilisation. The presence of these cations creates a larger steric body in the hypoand hyperholes, disfavouring the formation of the smaller hypocages. It is more sterically favourable to arrange the faujasite sheets to produce t-fau supercages of the FAU framework. This explains the observation that zeolite Na-X will crystallise instead of zeolite EMC-2 if the Si/Al ratio is lower than 2.6. 
Experimental

Materials
The materials used were colloidal silica (LUDOX ® HS-40, 40wt% SiO 2 suspension in water) as a source of silica, sodium aluminate (NaAlO 2 ) as a source of alumina, sodium hydroxide (NaOH) as base and a source of cation, distilled wa-
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ter as solvent and 18-crown-6 ether (C 12 H 24 O 6 , 18C6) as OSDA. All materials were purchased from Sigma-Aldrich.
Synthesis Method
We prepared the zeolite material using a hydrothermal method analogous to that reported by Chao and Chatelain, [23] the degree to which EMT-type zeolite had crystallised amongst samples. The most crystalline sample was chosen as it showed the largest area for each Bragg peak. This corresponded to the sample which was synthesised using the most 18-crown-6 ether in the hydrogel (sample 1). Theoretically this should be the most crystalline sample.
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Low resolution micrographs were obtained using the JEOL SEM6480LV
scanning electron microcope at the Microscopy and Analysis Suite (MAS) at spectrometer. The Si/Al ratio of the zeolite samples were calculated using the following equation:
Here, n is the number of adjacent aluminium nuclei and I is the relative integral intensity of each environment peak (Q 0 -Q 4 ) after deconvolution of the spectra.
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Zeolite EMC-2 synthesised using the method verified by Chao and Chatelain [23] has a Si/Al ratio of 3.8. indicate that the samples are purely EMT-type zeolite, as no additional peaks are observed. We report that using an adjusted hydrogel formulation, synthesis of EMT-type zeolites is possible using lower quantities of 18C6 than previously reported. Before this, the lowest 18C6/Al 2 O 3 ratio available to synthesise pure EMT-type zeolite was 0.14. [1, 19] 140
Results and Discussion
Powder X-ray Diffraction Data
When the 18C6/Na 2 O ratio is below 0.030 the samples are predominantly amorphous with low intensity peaks corresponding to the FAU framework. This suggests that there is a lower 18C6/Na 2 O limit to assemble the EMT framework. Below this, faujasite zeolites preferentially crystallise, giving an EMT-FAU boundary. Previously it has been reported that rather than a distinct boundary, there is an overlap of the two zeolites whereby intergrowths are produced before the product is purely faujasite or amorphous.
[1] Figure 5 shows the relationship between the estimated Na + /[(18C6)Na + ] ratio and the ω value. This supports the claims by Feijen et al. [21, 20] that the cation ratio is an integral parameter for crystallising EMT-type zeolites.
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The graph agrees with expectations that as the proportion of the macrocation increases so does the crystallinity of the EMT-type zeolite. From figure 5 , there appears to be a negative correlation between crystallinity and the cation ratio.
The data suggests that the influence that the 18C6 molecule has on the hydrogel is dependent on its molar content. Unlike with seeding processes, it does 155 not appear to be possible for the 18C6 molecule to form EMT-type nuclei which will spontaneously continue to grow in a hexagonal arrangement. As discussed by Ohsuna et al. [2] the 18C6 molecule is required to assemble all the faujasite sheets. Otherwise the sheets will assemble into the more thermodynamically favourable cubic FAU framework.
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The unit cell parameters were refined using the peak positions and Miller
Indices with the program UnitCell. [24] The results are shown in table 2. It The relationship between the EMT-type zeolite sample ω value and the Na + /[(18C6)Na + ] ratio of the precursor hydrogel. Figure 6 shows the PXRD patterns of samples 7 and 8 compared to the repeats with extended duration of hydrothermal conditions. The patterns indicate that with a low 18C6/Na 2 O ratio of 0.030 (sample 7b) the crystallinity of the EMT-type zeolite could be enhanced by increasing the hydrothermal duration. This confirms that the EMT framework can be assembled at the low 180 boundary of 18C6 given longer crystallisation time. The repeated synthesis using an 18C6/Na 2 O ratio of 0.020 (sample 8b) was amorphous after 18 days of hydrothermal conditions. In figure 4 peaks corresponding to the FAU framework were observed in the PXRD pattern of the highly amorphous material. This suggests that at low 18C6 contents, the hydrogel does not intrinsically favour 185 the assembly of the FAU framework. to the c axis, it can be seen that the platelets are rounded in a sense to give a pointed edge. We described this as flattening of the platelet edge. Sample 8 was
SEM Micrographs
shown to be predominantly amorphous from PXRD, and micrograph 7b corrob- Measurements taken from the SEM images. The green crosses show the average hexagonal platelet thickness, and the blue circles show the average particle length.
zeolite EMC-2 the platelet crystals were smaller and thicker compared to using 18C6. It is interesting to note that the crystallinity was reduced to 60% when using AC6-4 instead of 18C6 as OSDA. In conjunction with our results, this 215 suggests a relationship between crystal thickness and crystallinity based on the efficacy of the OSDA to direct the EMT framework.
The hexagonal morphology appears to become more similar to circular discs with reduction of 18C6 in the hydrogel. This smooth disc morphology has been seen by Wendelbo et al. [1] where EMT-type platelets were synthesised at These samples appear to be highly amorphous, showing the random ellipsoid morphology. PXRD of samples 6 and 7 indicated the presence of EMT-type zeolite, however the morphology appears amorphous. Both samples 8 and 9
were identified as being highly amorphous, so it is not surprising to see a lack 230 of crystalline shape.
It is interesting to see that there appears to be a jump in morphology between sample 5 (figure 8c) and sample 6 (figure 8d). It is between these two samples that the hexagonal/disc morphology is lost and the material appears predominantly amorphous. This suggests that although the EMT framework 235 can assemble there is an 18C6 limit to produce defined platelet crystals.
From figure 9 it can be seen that as the 18C6/Na 2 O ratio decreases the length of the particles seen in the SEM micrographs decrease. However, the size of the errors bars indicate that there is a substantial spread in the size of the particles produced, as can be seen in the micrographs. the amount of 18C6 in the hydrogel and the Si/Al of the crystallised zeolite.
This suggests that the presence of OSDA does not have a major influence on the amount of aluminium being integrated into the growing framework.
Previously Feijen et al. [21] argued that the amount of aluminium in the framework could not exceed a monovalence per pocket in the growing faujasite perimentally. The resonance at -4 ppm for zeolite NaX was identified as sodium cations positioned inside the β-cage, close to a D6R unit. This is similar to the cation site S1 shown in figure 12 in the EMT framework. Both Hunger et al. [29] and Feuerstein et al. [30] agree that the higher resonance around -11 ppm corresponds to sodium cations sitting in the framework supercages, close 295 to the 6 ring face of a β-cage. However, this resonance has also been ascribed Figure 12 : The three positions in the EMT framework occupied by sodium cations, as described by Hunger et al. using 23 Na MAS NMR. [29] to sodium cations siting within the D6R units in zeolite NaX. Therefore, the resonance at -11 ppm we have observed can be identified to sites S2 and S1 in the EMT framework, shown in figure 12 . Considering that the position of this peak varies; it is possible that the population of these two sites change with 300 18C6 content.
Conclusion
We have successfully synthesised pure EMT-type zeolite using a lower molar quantity of 18C6 than previously reported, using an adjusted hydrogel composition. Hexagonal platelet crystals of EMT-type zeolite were synthesised with are required in the hydrogel to assemble the EMT framework. FAU-type zeolites were not observed to cocrystallise alongside EMT, but appeared below the 18C6/Na 2 O threshold of 0.030. We have also shown that despite the low crystallinity of the EMT-type zeolite at these low 18C6 contents, extended hydrothermal treatment can be used to produce a more crystalline material.
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SEM analysis showed that the hexagonal platelets got thicker as the 18C6 content in the hydrogel decreased. This suggests that increasing the content of 18C6 disfavours particle growth along the c axis.
Reducing the 18C6 also appears to lower the chemical shift of the 27 Al nuclei resonance in the SS NMR, while remaining in a tetrahedral environment.
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It also appears to significantly alter the occupancy of sodium cation sites in the framework. When the 18C6/Na 2 O ratio was lower than 0.059 the coherence of the 29 Si NMR spectra was lost due to a large degree of amorphous content. The
Si/Al ratio of the crystalline samples above this threshold were between 3-4, typical of EMT-type zeolites.
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Overall we have shown that EMT-type zeolites can be produced using less 18C6, approaching a more sustainable and environmentally cleaner synthesis.
